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Abstract
This paper describes an analysis method of the friction torque and weld interface temperature during the friction process for steel friction welding. The joining mechanism
model of the friction welding for the wear and seizure stages was constructed from
the actual joining phenomena that were obtained by the experiment. The non-steady
two-dimensional heat transfer analysis for the friction process was carried out by calculation with FEM code ANSYS. The contact pressure, heat generation quantity, and
friction torque during the wear stage were calculated using the coeﬃcient of friction,
which was considered as the constant value. The thermal stress was included in the
contact pressure. On the other hand, those values during the seizure stage were calculated by introducing the coeﬃcient of seizure, which depended on the seizure temperature. The relationship between the seizure temperature and the relative speed at
the weld interface in the seizure stage was determined using the experimental results.
In addition, the contact pressure and heat generation quantity, which depended on the
relative speed of the weld interface, were solved by taking the friction pressure, the
relative speed and the yield strength of the base material into the computational conditions. The calculated friction torque and weld interface temperatures of a low carbon
steel joint were equal to the experimental results when friction pressures were 30 and
90 MPa, friction speed was 27.5 s−1 , and weld interface diameter was 12 mm. The
calculation results of the initial peak torque and the elapsed time for initial peak torque
were also equal to the experimental results under the same conditions. Furthermore,
the calculation results of the initial peak torque and the elapsed time for initial peak
torque at various friction pressures were equal to the experimental results.
Key words : Friction Welding, Finite Element Method, Friction Torque, Weld Interface
Temperature, Wear Stage, Seizure Stage, Initial Peak Torque, Elapsed
Time for Initial Peak Torque

1. Introduction
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The friction welding is a well-known solid state joining method. As this method is very
useful for joining dissimilar materials, it is widely used in the automobile industry and applied
to fabricate important parts such as drive shafts, engine valves, and so on. Generally speaking, the welding cycle of the friction welding by the continuous (direct) drive friction welding
can be divided into four stages on the basis of the friction torque curve for a similar material
joint,(1) as shown in Fig. 1. In the first stage, the friction torque increases from zero. That
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Journal of Solid Mechanics
and Materials Engineering

Vol.4, No.3, 2010

Fig. 1 Definition of stages on the friction torque curve and division of a part in the first
stage.

is, the faying (contacting) surfaces of both specimens (workpieces) contact each other, and
then the friction torque reaches its initial peak. The second stage is one in which the friction
torque reaches a steady (equilibrium) state after the initial peak. The third stage is the steady
state. The fourth stage is the forge (upset) stage; in this stage, the friction torque increases
when a brake is applied, and then drops to zero when the rotation stops. The sound friction
welded joint, of which tensile strength is more than that of the base material, i.e. 100% joint
eﬃciency and fractured in the base metal, can be made through all stages. Also, the friction
welding condition for the steel joint was standardized according to Japanese Industrial Standards.(2) However, the selection method of the friction welding condition has not been fully
demonstrated, so that each friction welding condition for a material combination is determined
by trial and error.
In the previous works,(3)−(9) the authors clarified the joining mechanism during the friction welding process for a similar material joint. Then, the authors showed that the first stage
of the friction torque curve can be divided into the wear and seizure stages, which was indicated by red color characters as shown in Fig. 1.(5),(6) In the wear stage, the friction torque
is kept almost constant, and the faying surfaces are rubbed against each other. In the seizure
stage, the friction torque rapidly increased to the initial peak because joining and separating repeatedly occur at the weld interface. Moreover, the authors showed that the friction
welded joints of several steels had 100% joint eﬃciency using only the first phase (up to the
initial peak) of the friction process without increasing forge pressure.(5),(6),(10)−(12) That is, it
is considered that the initial peak torque and the elapsed time for initial peak torque become
the standard for the selection guideline of the friction welding condition. On the other hand,
the authors also proposed that the initial peak torque can be easily calculated by the relationship between the seizure temperature at the weld interface and the yield strength of the
base material.(13) However, it is necessary to simulate the initial peak torque and the elapsed
time for initial peak torque for various materials because it is expected that this result will be
widely applied to the various dissimilar joints. The simulation method for the friction welding
is necessary for simulation of the various dissimilar joints for the selection guideline of the
friction welding condition, although many researchers have also reported the simulation of
friction welding by the finite element method (FEM).(14)−(25) In particular, it is very important
to estimate the initial peak torque to know the requirement performance of a friction welding
machine in practical use before joining.
Based on the above background, the authors have been simulating the friction torque and
the weld interface temperature during the friction process of friction welding. The present
402

Vol.4, No.3, 2010

Journal of Solid Mechanics
and Materials Engineering

paper focuses on the analysis method of the friction torque and weld interface temperature for
steel friction welding. The authors show that the calculation results of the initial peak torque,
the elapsed time for initial peak torque and the weld interface temperature were equal to the
experimental results of the low carbon steel joint.

2. Joining mechanism of first stage during friction process
Based on the results described in the previous works,(3)−(9) the authors clarified the joining mechanism of the first stage during the friction process for a steel joint. Figure 2 shows
the schematic illustration of the joining mechanism model at the first stage during the friction
process. In Fig. 2, the illustration on the left side shows low friction pressure, and that on the
right side shows high friction pressure. To simplify the joining mechanism, the weld interface
is shown by the grouping of concentric circles, shown on the right of the illustrations in Figs.
2a or 2b. Furthermore, the illustrations for (i), (ii), and (iii) are the same in Figs. 2a and 2b.
At first, both weld faying surfaces of the base materials contacted each other, and then, both
weld faying surfaces were rubbed against each other, which indicated as illustration (i). In
this connection, the temperature at the peripheral region of the weld interface was higher than
that of the central one because the heat generation depended on the diﬀerence of the relative
speed at the weld interface. Therefore, the peripheral region was expanded, and the inside regions of the weld interface did not contact, as shown in illustration (ii). Hence, the peripheral
region was worn and a fresh surface was created, as indicated in illustration (iii). When the

Fig. 2 Schematic illustration of the joining mechanism model at the first stage during
the friction process; (a) Low friction pressure, (b) High friction pressure.
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base materials are welded under low friction pressure such as 30 MPa as shown in Fig. 2a,
the yield strength at the peripheral region was decreased, and then the inside regions of the
weld interface were rubbed against each other, as indicated in Fig. 2a-(iv). The wear and a
fresh surface were repeatedly created from the peripheral region towards the central region,
and then the entire weld interface was worn, as shown in Fig. 2a-(v). At this time, the friction
torque was kept almost constant, as indicated by the wear stage shown in Fig. 1. The initial
seizure and joining began in the central region where the relative speed at the weld interfaces
was low because the temperature of the fresh surface was high enough to generate seizure
when the friction pressure was low, as shown in Fig. 2a-(vi). Then, the seizure region, i.e.
joined region, was extended from the central region towards the peripheral region, as shown
in Fig. 2a-(vii). At this time, the friction torque also rapidly increased, which was indicated
by the seizure stage shown in Fig. 1. The seizure and joining were repeatedly created from the
central region towards the peripheral region, and then the entire weld interface had seizure,
as shown in Fig. 2a-(viii). After that, the friction torque reached the initial peak when the
entire weld interface had seizure. On the other hand, when the base materials are welded with
high friction pressure such as 90 MPa as shown in Fig. 2b, the process from illustrations (i)
to (iii) was the same as the case of low friction pressure. The initial seizure and joining began
in the peripheral region where the relative speed at the weld interfaces was high because the
temperature of the fresh surface was high enough to generate seizure when the friction pressure was high, as shown in Fig. 2b-(iv). Then, the inside regions of the weld interface were
rubbed against each other, as shown in Fig. 2b-(v). The wear and seizure were repeatedly created from the peripheral region towards the central region which was indicated as illustrations
from (iii) to (vii) in Fig. 2b, and then the entire weld interface had seizure, as shown in Fig.
2b-(viii). As a result, the friction torque also rapidly increased, and then it reached the initial
peak when the entire weld interface had seizure. That is, the friction torque did not have the
wear stage when the friction pressure was high. It is considered that the friction welding of
similar materials could be carried out with the above mechanism.

3. Simulation model
According to above section, the joining phenomena during the friction process of friction
welding are very complicated. In the simulation, it is desirable that the actual joining phenomena can be faithfully reproduced. However, it is anticipated that the calculation process is very

Fig. 3

Schematic illustration of the friction welding model.

Fig. 4 Schematic illustration of the calculation model.
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complicated. To implement calculation easily, the generate flush from the weld interface and
the axial shortening (burn-oﬀ) of the joint during the friction process were not considered,
because the quantity of those were small when the friction torque reached the initial peak.
Hence, a simple model of friction welding was used in this study. Figure 3 shows a schematic
illustration of the friction welding model. Two round bars with a radius of r and a length of
s are contacted at the weld interface with a friction pressure of P f and a friction speed of N.
The friction heat is instantaneously generated at the weld interface, and that heat is simultaneously conducted to the radius and the longitudinal directions. In actual calculation, these
above conditions were applied to the non-steady two-dimensional heat transfer analysis. Figure 4 shows the schematic illustration of the calculation model. The calculation model had an
axisymmetric body, and a quadrilateral isoparametric element with eight nodes was used. The
mesh size was 0.5 × 0.5 mm when the distance in the longitudinal direction was from 0 (the
weld interface) to 3.0 mm, and that was 1.0 × 1.0 mm from 3.0 to 15.0 mm. The analysis of
the friction torque and the weld interface temperature were carried out by the commercially
FEM code ANSYS.

4. Computation method
4.1. Computational algorithm
Figure 5 shows the flowchart of the calculation. The algorithm of the calculation of the
friction torque and the weld interface temperature was carried out, and that corresponded with
Fig. 5 as follows.
Step 1: The mechanical and thermal properties of the material used and the friction welding
conditions are input.
Step 2: The contact pressure and the weld interface temperature of each element are calculated
at the time of t. Incidentally, the initial contact pressure is the same as the friction pressure
which set. In addition, the initial temperature is room temperature, i.e. 25 ◦ C.

Fig. 5 Flowchart of the calculation.
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Step 3: The seizure temperature at the weld interface is determined from the relationship between the contact pressure and the relative speed, and that at the weld interface of each element
is calculated from the friction speed that was set. If the weld interface temperature at each element is lower than the seizure temperature, the calculation goes to the next step 4 because
the weld interface is in the wear stage. On the other hand, if the weld interface temperature at
each element is higher than the seizure temperature, the calculation is going to the next step
4’ because the weld interface is in the seizure stage.
Step 4: The heat value is solved with the coeﬃcient of friction, contact pressure, and relative
speed, which is indicated as equation (1).
Step 4’: The heat value is solved with the coeﬃcient of seizure, contact pressure, and relative
speed, which is indicated as equation (2).
Q = μPc Av

(1)

Q = λPc Av

(2)

In these equations, Q is the heat value [W], μ is the coeﬃcient of friction, λ is the coeﬃcient
of seizure, Pc is the contact pressure [Pa], A is an area [mm2 ], and v is the relative speed [m/s].
In this connection, the contact pressure and the heat generation quantity are solved by taking
the friction pressure, relative speed and yield strength of the base material into the conditions.
Step 5: The weld interface temperature of each element at the time of t + Δt is determined by
the heat value that was calculated at step 4 or 4’.
Step 6: The contact pressure at the weld interface of each element at the time of t + Δt is
determined, and that value also includes the thermal stress at the same time.
Step 7: The friction torque of each element at the time of t + Δt is solved by using the contact
pressure. The friction torque at the wear stage is calculated using the coeﬃcient of friction,
which is indicated as equation (3). Similarly, the friction torque at the seizure stage is calculated using the coeﬃcient of seizure, which is indicated as equation (4).
T = μPc Ar

(3)

T = λPc Ar

(4)

In these equations, T is the torque [Nm] and r is the radius [m].
Step 8: The heat value at the weld interface and the friction torque at each element are repeatedly calculated from steps 1 to 8 by using the temperature and the contact pressure, which
are solved at steps 5 and 6. Then, when the entire weld interface will be obtained the seizure
region, the calculation is finished.
4.2. Calculation of seizure temperature
In the previous work,(9) the initial seizure at the friction surface was generated in the
following conditions; the temperature and the loaded pressure were 150 ◦ C or over and 30
MPa, and 50 ◦ C or over and 90 MPa, respectively. Moreover, it was clarified that the seizure
temperature increased with increasing relative speed at the weld interface.(9) Based on these
results, the seizure temperature was experimentally derived, as indicated in equations (5a) and
(5b).
θ = 1200.00 − 1.67Pc + 2717.86v
θ = 566.50 − 1.67Pc + 100.00v

(0 < v ≤ 0.14)

(5a)

(0.14 ≤ v)

(5b)

In these equations, θ is the seizure temperature [ ◦ C].
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4.3. Calculation of coefficient of seizure
It was clarified that the friction torque reached the initial peak after when the entire weld
interface had seizure, regardless of the friction pressure.(5),(6),(10)−(12) Based on these results,
the coeﬃcient of seizure was defined by the relationship between the friction pressure and the
fracture strength of the seizure portion at the weld interface, and that was determined using
the initial peak torque in the previous experiments,(5)−(7) as indicated in equation (6).
T it = λP f

 R
0

2πr · rdr =

2πλP f 3
R
3

(6)

In these equations, T it is the initial peak torque [Nm] and P f is the friction pressure [Pa].
Hence, the coeﬃcient of seizure was obtained from the following equation by substituting the
value of the initial peak torque at friction pressures of 30 and 90 MPa into equation (6).


  λ90 (v, T e ) − 0.45  60 − 2
λ(v, T e , P f ) = 0.45 + λ30 (v, T e ) − 0.45
λ30 (v, T e ) − 0.45
Pf

1

(7)

λ30 (v, T e ) = 1.30 exp(−2.50v) + 1.48 log T e − 2.08
λ90 (v, T e ) = 1.30 exp(−2.50v) + 0.91 log T e − 1.56
In these equations, T e is the temperature [ ◦ C], λ30 and λ90 are the coeﬃcients. Incidentally,
those equations were carried out for the calculation as the subprogram in ANSYS.(26) Also,
the thermal boundary conditions of the specimens were not considered, because those were
not eﬀective for the calculated results.

5. Results and Discussion
5.1. Temperature and friction torque during friction process
Tables 1 and 2 show the mechanical and thermal properties of low carbon steel.(13),(27)
The mechanical and thermal properties of low carbon steel were used and those values were
dependent on the temperature in this study. The value at each temperature were used by linear
Table 1 Mechanical properties low carbon steel for calculation.(13)

Table 2

Thermal properties of low carbon steel for calculation.(27)
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(a) Friction pressure of 30 MPa

(b) Friction pressure of 90 MPa
Fig. 6 Calculation results of temperatures at centerline, half radius, and periphery
portions, with measured temperatures at those portions; friction pressure of (a)
30 MPa and (b) 90 MPa.

interpolation from Tables 1 and 2. The calculation was carried out by using the following condition: weld interface diameter of 12 mm (its radius was 6.0 mm), friction pressures of 30 and
90 MPa, and friction speed of 27.5 s−1 (1650 rpm). Figure 6 shows the calculation results of
the temperatures at the centerline, half radius, and periphery portions. Figure 6 also includes
the measured temperatures of those portions. The low carbon steel was welded by a direct
drive friction welding machine, and the temperatures were measured at the centerline, half radius, and periphery portions of the 1.0 mm longitudinal direction from the weld faying surface
by mineral insulated thermocouples with a chromel-alumel. The friction torque was also measured simultaneously with the measuring temperature. The details of the specimen shape for
the measuring temperature changes, the joining method, and the measurement method of the
friction torque and temperature have been described in the previous reports.(28)−(30) The calculated temperatures at the centerline, half radius, and periphery portions were also carried out
under the same conditions of the experiment. When friction pressure was 30 MPa as shown
in Fig. 6a, the calculated centerline temperature was smoothly increased at a time of about
0.2 s, although the measured centerline temperature was rapidly increased at the same friction
time. However, the calculated centerline temperature was equal to the measured centerline
temperature when the friction torque reached the initial peak, i.e. about 1.3 s. In addition,
the calculated half radius and periphery temperatures were similar to that of the measured
temperatures. On the other hand, when friction pressure was 90 MPa as shown in Fig. 6a,
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(a) Friction pressure of 30 MPa

(b) Friction pressure of 90 MPa
Fig. 7 Calculated friction torque and weld interface temperatures at centerline, half
radius, and periphery portions, with measured friction torque; friction pressure
of (a) 30 MPa and (b) 90 MPa.

the calculated temperatures at those portions were also similar to the measured temperatures.
That is, the calculated temperatures were equal to the measured temperatures under friction
pressures of 30 and 90 MPa. Incidentally, the temperature at the periphery portion was not
measured after a friction time of about 0.2 s because the thermocouples were broken by the
flash, which was exhausted. Figure 7 shows the calculated friction torque and the weld interface temperatures at the centerline, half radius, and periphery portions. Figure 7 also includes
the measured friction torque. When friction pressure was 30 MPa, the calculated weld interface temperature at the centerline portion was rapidly increased at a time of about 0.9 s, which
was shown in Fig. 7a. The central portion of the weld interface had seizure at a friction time
of about 0.7 s in the experiment. That is, the rapid increase of the temperature in the calculation was evidence that this portion had seizure. Then, the rapid increase of the temperature
at the weld interface in the calculation at the half radius and periphery portions was obtained
at times of about 0.95 and 1.2 s, respectively. That is, the seizure was also obtained toward
the periphery portions from the central portions in the calculation. Moreover, the calculated
friction torque was similar to the measured friction torque, and those of the initial peak torque
and the elapsed time for the initial peak torque were equal to the experimental result, which
was indicated by the arrow in Fig. 7a. On the other hand, when friction pressure was 90
MPa, the calculated friction torque was similar to the measured friction torque, although the
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elapsed time for the initial peak torque by the calculation was slightly shorter than that of the
experimental result indicated by the arrow in Fig. 7b. That is, the calculated friction torque
was also equal to the experimental results under friction pressures of 30 and 90 MPa.
5.2. Calculation of initial peak and elapsed time for initial peak torque at various friction
pressures
Figure 8 shows the calculation results of the initial peak torque and the elapsed time for
the initial peak torque at various friction pressures. Figure 8 also shows the measured results
for reference.(3)−(9),(12) The calculated initial peak torque increased with increasing friction
pressure, and it kept almost constant when friction pressure was 100 MPa or over, as shown
in Fig. 8a. In addition, the calculated elapsed time for the initial peak torque decreased with
increasing of friction pressure, as shown in Fig. 8b. That is, the calculation results of the initial
peak torque and the elapsed time for the initial peak torque at various friction pressures were
equal to the experimental results, although those values slightly diﬀered at friction pressure
of 150 MPa. Incidentally, friction pressure such as 150 MPa or over was not the practical
condition because the central region of the weld interface of the joint was not welded and the
joint did not have the base material fracture.(12) Although further investigation is necessary to
elucidate the detailed simulation method to apply to the various materials, the friction torque

(a) Initial peak torque

(b) Elapsed time for initial peak torque
Fig. 8

Calculationd results of initial peak torque and elapsed time for initial peak
torque at various friction pressures corresponding to experimental results; (a)
Initial peak torque, (b) Elapsed time for initial peak torque.
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and the weld interface temperature could be simulated by using the seizure properties of the
base material under the practical condition.

6. Conclusions
This report described an analysis method for the friction torque and weld interface temperature during the friction process of steel friction welding. The non-steady two-dimensional
heat transfer analysis for the friction process was carried out by calculation with FEM code
ANSYS. Moreover, the joining mechanism model of the friction welding for the wear and
seizure stages was constructed from experimental results. The following conclusions are provided.
( 1 ) The contact pressure, heat generation quantity, and friction torque during the wear
stage were calculated using the coeﬃcient of friction, which was assumed as the constant
value in the actual analysis. Those values during the seizure stage were calculated by using
the coeﬃcient of seizure which depended on the seizure temperature. In addition, the contact
pressure and thermal stress at the weld interface in the wear stage, and the relationship between
the seizure temperature and the relative speed at the weld interface in the seizure stage were
considered. The contact pressure and heat generation quantity, which depended on the relative
speed at the weld interface, were solved by taking the friction pressure, relative speed and yield
strength of the base material into the computational conditions.
( 2 ) The calculation results of the temperatures at the centerline, half radius, and periphery portions of the 1.0 mm longitudinal direction from the weld faying surface were equal to
the experimental temperatures when friction pressures were 30 and 90 MPa, friction speed
was 27.5 s−1 , and weld interface diameter was 12 mm for the low carbon steel joint. In addition, the calculated friction torque was also equal to the experimental results under the same
conditions.
( 3 ) The calculation results of the initial peak torque and the elapsed time for initial peak
torque at various friction pressures were equal to the experimental results, although those
values slightly diﬀered at friction pressure of 150 MPa.
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